Introduction
Humans acquire chloride only through intestinal absorption from food and its seasoning, with adult daily consumption of 5-11 g of sodium chloride. The serious health consequences of inadequate as well as excess salt intake underscore the importance of moderated salt ingestion [1] [2] [3] . Because of links between salt intake and optimal health, salt availability and possession have greatly influenced social, economic, and cultural aspects of human history (Box 1).
Salt in history
Salt comes from multiple sources, including sea water, mineral deposits (rock salt), surface encrustations, saline lakes, and brine springs. Because of its importance to survival, salt has become a valuable commodity and a source of wealth. Archaeological evidence as far back as 6050 B.C. indicates that the neolithic people of the Precucuteni culture in Romania extracted salt by boiling salt-laden spring water through the process of briquetage [4] . The oldest saltworks can be dated to at least 6000 B.C. at Xiechi Lake near Yuncheng in Shanxi, China, where salt was harvested from the lakeshore [5] . As a result of uneven geographical distribution and limited transportation means in the ancient times, salt availability, exploitation, and possession influenced the politics, economics, and culture throughout human history [2, 6] . For example, various ancient religious rituals included salt offerings [7] , and governments of antiquity imposed salt taxes and monopolized salt supplies. Salt-tax aversion sparked the French Revolution, and the British monopoly of salt caused the Indian War of Independence.
For centuries, medical practitioners have recognized the therapeutic benefits of salt [2, 6] . The Edwin Smith papyrus of ancient Egypt, written in the third pre-Christian millennium, recommends salt for the treatment of chest wounds. The papyrus Ebers (1600 B.C.) describes the use of salt in formulations for laxatives and anti-infectives, and Hippocrates (460 B.C.), the father of Western medicine, observed the healing effects of seawater on the injured hands of fishermen. Greek medicine applied salt topically to skin lesions and prescribed drinking salty or mineralized waters for digestive troubles and inhaled salt for respiratory diseases. Galen A.D.), physician in ordinary to the Roman emperor, included salt in remedies for infected wounds, skin diseases, callosities, and indigestion. Pharmacists of the 19th century commonly recommended the internal use of salt for digestive upsets, goiter, glandular diseases, intestinal worms, dysentery, dropsy, epilepsy, and syphilis. External application of salt was advised in cases of rash, swelling, inflammation, and burns. Many salt therapies persist in modern medical practices, ranging from supportive care to therapeutic interventions (Box 2). Even though salt frequently has been used clinically, the molecular mechanisms underlying many of the observed therapeutic effects, especially the antiseptic action, remain largely undefined.
Current practice of salt therapy
Even today, salt constitutes an important component of medicinal therapy and can be injected, inhaled, or ingested [6] . Routinely infused into patients as fluid-replacement therapy [8, 9] , isotonic sodium chloride solution (saline) can be used as an irrigating solution to drain, cleanse, or moisten organs or tissues [10] . Dental salt is used to treat plaques of gingivitis and caries [11] . Salt baths are frequently recommended to treat psoriasis, atopic dermatitis, chronic eczema, and arthritis [12] . In the past, steam vapor from salt water was inhaled as treatment of chronic diseases of the upper and lower respiratory tract [13] . Today, patients with respiratory diseases directly inhale aerosols of salt vapor, nebulized by use of oxygen, compressed air, or ultrasonic power, to promote pulmonary toilet. Inhalation of hypertonic saline has been used routinely in treating CF and other chronic lung diseases [14] [15] [16] [17] [18] . Saline ingestion can replace electrolytes lost during diarrhea and can increase gastric and pancreatic secretion to modulate digestion [19] .
CHLORIDE AND NEUTROPHIL ANTIMICROBIAL ACTION
Adult humans are home to ;100 trillion microrganisms, outnumbering host cells by ;10:1 [20] and representing a sizable reservoir of potential infectious agents. To combat any organisms that breach mechanical barriers, the host has developed a powerful immune-defense system, which includes soluble and cellular effectors that act in a coordinated fashion to eliminate invading microbes and restore homeostasis. In normal individuals, the cells critical for first-line protection are phagocytes [21, 22] , first observed and described by Elie Metchnikoff [23] more than 1 century ago (and see ref. [24] ). Internalization and destruction of encountered microbes by phagocytes, largely neutrophils and macrophages in humans, constitute a functionally critical host defense mechanism that is evolutionary conserved in multicellular organisms [25, 26] . Confined in a membrane-bound, specialized compartment-the phagosomeingested microbes undergo assault by phagocyte-derived toxins, including antimicrobial proteins stored in granules and reactive oxygen species generated de novo during cell activation [27] . Optimal microbicidal action in phagosomes depends on synergistic interactions among the antimicrobial agents whose generation and activity rely on regulated ion flux.
Stimulated phagocytes exhibit a burst in oxygen consumption that reflects the activity of a multicomponent NOX, whose components are segregated in resting cells but assemble into a functional complex after agonist exposure [28] . Activated neutrophils, monocytes, and macrophages assemble NOX on their phagosomal and plasma membranes and generate oxidants in the lumen of phagosomes or into the extracellular space.
During the process, cytoplasmic components (p47   phox   , p67  phox ,  p40 phox , and GTP-bound Ras-related C3 botulinum toxin substrate 1 or 2) associate with flavocytochrome b, a heterodimeric membrane protein composed of gp91 phox (aka NOX2) and p22
phox . Similar to the other members of the NOX protein family, the phagocyte oxidase operates fundamentally as an electron transferase, shuttling electrons from NADPH across phagosomal or plasma membranes to molecular oxygen, thereby generating the superoxide anion [29] . As evidence of the robust nature of the transfer, it is estimated that formyl peptide-stimulated neutrophils produce ;5 3 10 6 superoxide anions/cell [30] , a process that requires the translocation of an identical number of electrons. Such electron flux depolarizes the membrane at a rate of ;1.1 V/s and unchecked, will reach a membrane potential at which electron transfer and NADPH activity will cease [31] . The nominal driving force for electron transport into the phagosome is ;+160 mV, derived from the difference between standard redox potentials of NADPH 2+ in cytoplasm and superoxide anion across the phagosomal membrane [31] . DeCoursey et al. [32] experimentally demonstrated the voltage dependence of NOX, whereby depolarization of the phagocyte membrane inhibits electron transfer through NOX. As a consequence, continuous activity of the oxidase requires compensation of the negative charge, accumulating on the side of the membrane to which electrons flow.
Compelling evidence indicates that the Hv1 mediates the bulk of the charge compensation required [32] [33] [34] [35] . Zn 2+ inhibition of proton channels [36] or that genetic inactivation of Hv1 [37, 38] substantially reduces NOX activity, convincingly proving the requirement of proton-dependent charge compensation for oxidant production by phagocytes.
Superoxide anion is the immediate product of oxygen reduction by the phagocyte oxidase but exerts little, if any, direct antimicrobial action. Instead, superoxide anion rapidly undergoes conversion to H 2 O 2 , an oxidant with modest antimicrobial action, which in turn, reacts with the granule protein MPO to catalyze the 2-electron reduction of chloride to yield the potent microbicide HOCl [39, 40] . With MPO representing ;5% of the total dry weight of human neutrophils, these phagocytes are well suited to support robust HOCl generation. Winterbourn et al. [41] have credibly modeled the reactions of H 2 O 2 and MPO in neutrophils and found that during the respiratory burst, a phagosome with 1.2 fl vol generates HOCl at a rate of ;0.16 fmol/min or ;1.6 3 10 6 HOCl molecules/s. If abundant phagosomal chloride is available, 28-72% of the oxygen consumed is converted to HOCl [42] [43] [44] [45] . Consequently, HOCl generation in phagosomes requires a continuous supply of chloride.
as cysteine, methionine, or glutathione, are especially susceptible to oxidation by HOCl. The sulfur group in cysteine is typically oxidized into sulfenic acid, sulfonic acid, or disulfide if intramolecular or intermolecular thiol groups are available, whereas oxidation of the sulfur group in methionine yields methionine sulfoxide or dehydromethionine or sulfilimine [52] [53] [54] . In addition to oxidizing vulnerable residues, HOCl chlorinates macromolecules. Primary and secondary amines are converted into the respective chloramines, which are also capable of chlorinating and oxidizing other molecules [55, 56] .
Because of its broad chemical reactivity, HOCl attacks multiple targets within microbes, including enzymes essential for maintaining structural integrity and energy production. As neutrophils encounter and ingest microorganisms with a wide variety of structural components, including cell walls, polysaccharide capsules, and LPS, the broad spectrum of activity of HOCl provides a defense system that matches the diversity of its targets [57] [60] . The relative speed of bactericidal action against Klebsiella pneumoniae, another important human pathogen, favors HOCl as well, with viability reduced in half after 60 min exposure to 1 mM HOCl versus 1 mM H 2 O 2 [61] . Taken together, its high levels of production, broad spectrum of susceptible targets, and robust chemical reactivity make HOCl ideally suited to arm human neutrophils to meet a wide range of microbial challenges.
Chloride sources available to neutrophil phagosomes
For neutrophils to sustain HOCl production, there needs to be an accessible reservoir of chloride anion and a mechanism to deliver chloride into phagosomes. Potential sources for phagosomes to obtain chloride include the extracellular fluid, neutrophil granules, and cytoplasm. As phagosomes enclose their internalized objects tightly, the chloride internalized from the extracellular space incidentally during phagocytosis is limited and consumed rapidly [41] and insufficient to meet the chloride demand. Granules may contain prestored chloride, but their total content is believed to be limited, given the minimal increase in phagosomal volume after granule fusion. However, the relatively high-chloride concentration in the cytoplasm of resting neutrophils and monocytes, measured at 80-100 mM [62] [63] [64] [65] , may meet the immediate needs of phagosomes. Over the initial 5-10 min of stimulation by PMA or phagocytosis of Candida albicans or Staphylococcus aureus, neutrophils release 70-80% of their cytosolic chloride reservoir to extracellular space and presumably to phagosomes as well [65, 66] . We have used a novel, chloride-sensitive fluorochrome conjugated to zymosan particle to probe the chloride concentration within phagosomes of human neutrophils [67, 68] . The assay conditions include the addition of sodium azide to inhibit MPO-mediated oxidation of the probe. Under these experimental conditions, the concentration of chloride in the lumen of zymosan-containing phagosomes is ;70 mM under steady-state conditions [67] , although this value likely overestimates the ambient chloride concentration in phagosomes, as the consumption of chloride anion by MPO-mediated HOCl production is blocked by sodium azide. The observed accumulation of chloride in phagosomes, while the cytosol is drastically losing chloride, creates a paradox for anion flow, as the NOX depolarization of the phagosomal membrane would drive anions out of the phagosome. Chloride redistribution relies on specialized protein carriers, as the anion cannot permeate lipid membranes freely. Multiple classes of anion channels preferentially transporting Cl -have been characterized in mammalian cells [69] [70] [71] . However, the mechanisms that support the seeming counterflow of chloride anion into phagosomes have not been fully explicated (vide infra). [85, [91] [92] [93] , CFTR resides in the membranes of secretory vesicles [85] . During phagocytosis, secretory vesicles fuse with nascent phagosomes, thereby incorporating CFTR into the phagosomal membrane and providing a means by which to transport chloride from cytoplasm into the phagosomal lumen. Neutrophils from patients with a variety of genotypes of CF achieve subnormal levels of chloride in phagosomes [68] , and pharmacologic inhibition of CFTR in normal neutrophils reduces the influx of chloride into phagosomes to levels seen in CF neutrophils [68, 85] . Taken together, these data demonstrate that maintaining optimal chloride concentration in neutrophil phagosomes requires normal CFTR activity. Supporting this interpretation are studies that report decreased chlorination and killing of ingested Pseudomonas aeruginosa by neutrophils from patients with CF [85, 94] . Observations from animal-infection models reinforce the role for CFTR in phagocytic host defense. Neutrophils from zebrafish embryos with reduced expression of the cftr gene (Cftr morphants) exhibit a reduced respiratory burst response and directional migration, and the embryos fail to resist infection with Pseudomonas [95] . Mice with only myeloid CFTR inactivation have phagocytic host-defense defects and impaired pulmonary clearance of bacteria [96] .
CFTR-mediated chloride flux into phagosomes

Cation-dependent chloride flux into phagosomes
In addition to CFTR, other chloride carriers in neutrophils must contribute to phagosomal chloride accumulation. Neutrophils express ClC3, a member of the intracellular ClC protein family of chloride-protein exchangers (ClC3 to -7) [97, 98] that are broadly expressed and predominantly on compartments of the endosomal/lysosomal pathways [99] . As a result of its strong voltage dependence and strong outward rectification, ClC3 should be inactive at luminal-positive voltages [99] . However, ClC3 is also pH dependent, whereby low pH uncouples the Cl -/H + interchange and turns ClC3 into exclusively a chloride channel [100] . This uncoupling process is nearly completed at pH 6.2, which is physiologically achievable in macrophage phagosomes, as macrophages acidify phagosomes rapidly to pH 4-5 after phagocytosis [101] . Neutrophil phagosomes, however, remain nearly neutral for prolonged periods of time after phagocytosis, followed by slow acidification [102] . In that setting, the pH-induced conversion of ClC3 from an antiporter to a conducting channel may serve as a control mechanism to allow chloride entry into the phagosomal lumen at the permissive phagosomal membrane potential and pH gradient. Although the precise role of ClC3 in neutrophil biology remains incompletely defined, murine neutrophils lacking ClC3 exhibit blunted NOX activity. In addition, studies in smooth muscle cells demonstrate that ClC3 provides the countercurrent in endosomes after TNF-a or IL-1b stimulation of NOX1 [103] , a homolog of the phagocyte NOX.
Cation influx is a prerequisite for chloride to enter phagosomal lumen. Hv1, which compensates for electron flux through NOX [104, 105] , could generate a net-positive charge in the phagosomal lumen that would facilitate chloride anion influx only to the extent that there is a driving force for passive proton influx. In other words, cytoplasmic pH must be lower than phagosomal pH. This situation seems improbable for macrophages, whose phagosomes are acidic, but could occur in neutrophils, as their phagosomes remain neutral, and cytoplasmic pH drops sharply, immediately upon phagocytosis [106] . On the other hand, phagosomal acidification in murine macrophages is attenuated drastically in hydrogen voltage-gated channel 1 knockout mice [107] , indicating that proton channels do contribute to this process, although the V-ATPase is thought to drive acidification. The V-ATPase operates as a rotary protonpumping nanomotor [108] [109] [110] , catalyzing the hydrolysis of ATP to create an electrochemical proton gradient across membranes and thereby, driving proton accumulation in intracellular compartments [111] . In macrophages, the electrical potential across the phagosomal membrane measures ;27 mV, with the inside lumen positive. Inactivation of the V-ATPase by concanamycin A reduces the phagosomal membrane potential in macrophages from ;+27 mV (lumen positive) to +17 mV [112] . Thus, the V-ATPase could support an electrical potential that would facilitate chloride entry into the macrophage phagosome. Neutrophils also express the proton pump, but its contribution to phagosomal membrane electrical potential has not been studied.
In addition to chloride channels or exchangers that permit phagosomal chloride transport, CCCs can also facilitate phagosomal accumulation of chloride. Expressed in phagocytes and phagosomes [113] , the KCC mediates coupled electroneutral movement of K + and Cl -across cytoplasmic and phagosomal membranes [113, 114] without affecting the electrical potential. As a result of the high tonicity of K + , robust KCC activity will alter cell or organelle volume [115] . However, although activated neutrophils increase their cell volumes by ;20% [116] , phagosomal volume tends not to change significantly. Thus, the contribution of KCC to phagosomal chloride movements requires further study. CaCCs are calcium-and voltage-gated chloride channels, whose broad expression, including epithelia, smooth muscle, and neurons, predicts their potential expression in phagocytes [117, 118] . Stimulation of GPCRs mobilizes calcium in the cytosol and triggers CaCC-mediated cell responses. Ligands to GPCRs in smooth muscle cells include ATP, acetylcholine, endothelin-1, angiotensin II, lysophosphatidic acid, and histamine [119] . Conspicuously in phagocytes, all of the chemoattractants (N-formylated peptides and chemokines) stimulate GPCRs and calcium signaling to activate and mobilize phagocytes [120, 121] , which would surely evoke calcium-dependent chloride transport in phagocytes.
Proposed model for phagosomal chloride acquisition
Multiple mechanisms sustain intraphagosomal chloride concentration that can support HOCl production (Fig. 1) . NOX and V-ATPase provide the bulk of electrogenic activity in phagosomes. The voltage-dependent H + channels (e.g., Hv1) and ClCs (e.g., ClC3) are conditionally electrogenic at permissive pH. Hv1-mediated proton influx compensates for the electron flow through NOX, whereas net-positive charges created by the V-ATPase pump could be balanced by an influx of an anion, such as Cl -via Cl -channels or exchangers. Furthermore, protons accumulated within the phagosome by the combined action of 
CFTR CHLORIDE CHANNEL AND HOST DEFENSE
The clinical consequences of defective chloride transport on host defense highlight the importance of chloride for the maintenance of a normal immune state. Patients with CF, a genetic disease, as a result of inherited defects in CFTR [122, 123] , frequently succumb to bacterial pulmonary infection. Although pulmonary function is normal at birth in CF humans and animals, frequent and recurrent infections fuel the chronic inflammation that induces airway injury and structural changes, leading over time to bronchiectasis and deterioration in pulmonary function [124, 125] . The predominant pulmonary findings in the lungs of patients with CF include neutrophil infiltration, purulent small airway obstruction, and chronic bacterial infection [126] . Lung infection in CF has a distinct pathogen profile that contrasts with that seen in infections occurring in the general population. Pathogens include P. aeruginosa, Burkholderia cepacia, S. aureus, and Haemophilus influenzae. It is noteworthy that the proclivity of patients with CF for infections with B. cepacia and with S. aureus overlaps with the spectrum of pathogens seen in patients with CGD [127, 128] , an inherited impairment of NOX [129] [130] [131] . Given the evidence indicating defective neutrophil function in patients with CF, the parallel between CGD and CF is intriguing, although patients with CGD experience frequent and severe infections in organ systems other than the lung, whereas infectious complications in CF are largely restricted to the airways. The clinically relevant question becomes how the CFTR chloride channel defect renders CF patients more susceptible to recurrent and relapsing infections in the respiratory tract with these particular opportunistic pathogens. Pulmonary host defense reflects the combined activities of resident cells, such as pulmonary epithelial cells and tissue macrophages, and recruited immune cells, most notably, neutrophils and monocytes. Epithelial and mucosal dysfunction contributes to the pathogenesis of the associated lung disease in CF [132] . Effective clearance of inhaled particulates relies on ASL, a shallow layer of liquid atop airway epithelium that possesses a gel-like mucus layer and a sol-like liquid phase. Under normal circumstances, the mucus layer serves to trap inhaled microorganisms and particles to restrict spreading in the lung, whereas the liquid phase bathes and lubricates epithelial cilia to facilitate mechanical movement [133, 134] . Synchronized ciliary movement sweeps trapped microbes and particulate matter toward the mouth to be expectorated or swallowed. Epithelial chloride secretion, sodium absorption, and secondarily, water retention jointly regulate the volume and composition of the ASL. In CF airway epithelia, dysfunctional CFTR reduces chloride and bicarbonate secretion, thereby decreasing the osmotic force for water retention in ASL. The changes in the quality and quantity of ASL impede mucociliary clearance [135] and diminish the potency of airway antimicrobials, such as b--defensins [136] , a fundamental component of innate immunity in airways [133] , thereby creating a static milieu to support microbial colonization. After local defenses are overwhelmed, pulmonary infection ensues with sequential recruitment of neutrophils and monocytes to the lung and into the ASL.
With contributions from other chloride channels, CFTR in airway epithelia sustains ASL chloride levels, which in turn, provide a source for stimulated neutrophils to replenish cytoplasmic stores within minutes. Within neutrophils, CFTR transports chloride from the cytoplasm to phagosomes to support HOCl production. Hence, defective CFTR expression in airway epithelial cells compounds the inherent phagocytic host defect (Fig. 2) .
Recent studies provide some insight into the relative contributions of defective CFTR activity in neutrophils versus airway epithelia with respect to host defense. Mice with conditional inactivation of Cftr in myeloid tissues have defective phagosomal HOCl production and microbial killing, which lead to incompetent lung bacterial clearance and reduced survival in response to pulmonary challenge with Pseudomonas [96] . However, the reduction in survival was less than that of mice with ubiquitous CFTR deletion in myeloid cells and airway epithelia [137] . These data clearly indicate that defective CFTR activities in neutrophils and in airway epithelia synergize to undermine normal host defense in the lung.
OTHER CHLORIDE CHANNELS OR CARRIERS AND HOST DEFENSE
In addition to CF, other chloride carrier defects have been causally linked to clinical disorders, such as neurodegeneration and lysosomal storage disease, Batten disease, and Dent's disease [70, 99, 138] . However, with the exception of CF, the contribution of specific chloride transport defects to impaired host defense remains understudied.
Voltage-gated chloride channels and host defense
As discussed earlier, the organelle-associated ClCs mediate Cl -flux across intracellular membranes and participate in organelle membrane potential neutralization, chloride acquisition, and acidification of compartments. Because of the critical role of endocytosis and phagocytosis in antigen presentation and microbial clearance, dysfunction of these intracellular ClCs undermines optimal host defense. Mice that lack functional ClC3 have a complex phenotype, including growth retardation, blindness, kyphoscoliosis, seizures, severe degeneration of the hippocampus and retina, and premature death [139] [140] [141] . It is noteworthy that ClC3 2/2 mice develop sepsis after surgical injury and are more susceptible to infection, suggesting the presence of defective host defense [87] . ClC3 2/2 neutrophils have reduced NOX activity, diminished phagocytosis, abnormal shape change and chemotaxis, and impaired transendothelial migration [142] . Although dysfunction of ClC3 or CFTR blocks normal phagocytic chloride acquisition, mutants in each gene exhibit phenotypic differences. For example, CF neutrophils appear to have normal chemotaxis, as CF patients display exuberant neutrophil infiltration in the lungs [126] and neutrophils from myeloid, CFTR-inactivated mice migrate normally to infected lungs [96] . Early endosomes in epithelial cells in the kidney and intestine and in macrophages [88] express ClC5, and defective ClC5, the molecular basis for Dent's disease, causes urinary losses of low molecular-weight proteins, phosphate, and calcium, culminating in recurrent nephrolithiasis in affected patients [143, 144] . Abnormal endocytosis likely compromises normal processing and presentation of antigens by macrophages. ClC5 2/2 mice exhibit defects in IL-6-dependent immune processes and increased susceptibility to ulcerative colitis [88] However, links between chloride transport and endocytosis remain incompletely elucidated. Recent data show that it is a chloride-proton exchange rather than the pure chloride conductance of ClC5 that plays a crucial role in endocytosis [145] . Interestingly, a CFTRmediated chloride-channel defect also decreases renal endocytosis and accumulation of aminoglycoside drugs [146] , although to a lesser extent than in the ClC5 antiporter defect, suggesting the importance of endosomal chloride in endocytosis. Unlike ClC5, which localizes to early endosomes, ClC6 and -7 are expressed in lysosomes and late endosomes [147] [148] [149] . Disruption of ClC6 or ClC7 in mice leads to neuronal ceroid lipofuscinoses (Batten disease), a lysosomal storage disorder [147, 149] , facilitating vesicular acidification and chloride accumulation [150, 151] . Although defects of ClC6 and -7 cause neurodegeneration, distinct phenotypes can be distinguished [152] . ClC6 2/2 mice display mild behavioral changes and a normal lifespan but exhibit up-regulation of inflammatory genes, implicating immune responses in some phase of the pathogenesis of the disease [149] . The ClC7 defect displays severe retinal and CNS degeneration and early death by 7 wk old [148] . ClC7 contributes to bone resorption, as ClC7 2/2 causes osteopetrosis or marble bone disease [153] and lysosomal degradation of internalized proteins [154] , potentially affecting resolution of inflammation and correct antigen presentation. If expressed in phagocytes, a possibility given their broad tissue-expression pattern, ClC6 and -7 may contribute to host defense.
CaCCs and host defense
CaCCs are outwardly rectifying and activated by cytosolic Ca 2+ at a positive membrane potential [70, 117] . These chloride channels play important roles in epithelial fluid secretion [78, 155] , sensory transduction and adaptation [80, 156] , regulation of smooth muscle tone [119, 157] , control of neuronal [158] , and cardiac [159] excitability and nociception [160] . Encoded by the ANO/TMEM16 family genes, TMEM16A (ANO1) and TMEM16B (ANO2) are the first 2 family members identified to be associated with Ca 2+ signaling via GPCRs [78, 161] . Mice lacking TMEM16A (Tmem16a 2/2 ) fail to thrive during postnatal life, with ;90% dying within the first 9 d of life, and display a congenital defect in tracheal cartilage [155, 162] . Interestingly, similar congenital cartilaginous defects occur in CFTR 2/2 mice [155] . Parallels between Tmem16a 2/2 mice and CFTR 2/2 mice extend to the gastrointestinal tract as well; the former fail to generate slow waves in intestines, thus lacking gastrointestinal peristalsis, whereas CFTR 2/2 mice have severe intestinal obstruction, which is believed to lead to early death before or during weaning [163] . These phenotypic similarities between the 2 chloride-channel knockout mice may reflect a shared defect in an activity requiring normal supply of chloride by both transporters. Recognition that CF mice develop a host defense defect provides the basis for speculation that the Tmem16a 2/2 mice might likewise be immunologically compromised. Direct evidence linking CaCCs to host defense comes from a recent study of Drosophila, demonstrating that flies lacking the TMEM16 gene Subdued succumb to gut bacterial infection [164] . The Subdued defect may block the production of antimicrobial oxidants and result in increased bacterial proliferation and higher lethality [164] . 
KCCs and host defense
Ubiquitously expressed [114] , KCC responds to cell swelling [165] , thiol reagents [166] , or internal magnesium depletion [167] . It plays important roles in blood-pressure control and cellvolume regulation [168] . Sun and colleagues [113] reported that mice lacking KCC activity have an impaired oxidant production and have increased susceptibility to infection after intraperitoneal challenge with bacteria. Evidence shows that KCC regulates NOX assembly by altering membrane recruitment and phosphorylation of essential oxidase components [113] . As KCC is volume activated, and phagocyte volume swells after stimulation, defective KCC may affect chloride transport from extracellular space to cytoplasm, therefore impairing phagocytic host defense by reducing the cytoplasmic reservoir of the chloride ion.
CONCLUDING REMARKS
Sodium and chloride in the human body are analogized as "the king and queen of electrolytes" [138] . Despite the prominence of chloride, representing 70% of the total negative ion content, this anion was considered only a companion ion to sodium and potassium, receiving little scientific attention in its own right for a long time. The genuine interest in chloride arose when chloride-carrier defects were causally linked to clinical diseases. In addition to its many well-established physiologic functions, chloride operates as a critical element in host immunity. Inadequate supplies of chloride undermine optimal host-defense capacity by compromising the production of HOCl in human neutrophil phagosomes. This and other causative links between chloride channelopathies and host-defense failure provide new insights into the long-observed antiseptic properties of salt.
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